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ABSTRACT
AGC 198691 is commonly known as the Leoncino Dwarf and is one of the most metal poor galaxies
known. An Arecibo observation in 2011 first suggested that Leoncino could be gravitationally interacting with its neighbor UGC 5186. In this paper new VLA data is used to examine the H I component
of both galaxies to determine their gravitational relationship. Although the VLA could not confirm
intragalactic gas seen by Aricebo, the H I density and velocity components are strong indirect evidence of gravitational interaction. Position-Velocity slicing techniques are used to probe internal gas
dynamics to help reveal a previously unknown gaseous arm reaching from UGC 5186 in the direction
of Leoncino. Additionally both galaxies have nearly identical recessional velocities. This conclusion
may help to understand the evolutionary track of these galaxies, and it also sheds light onto Leoncino’s
location in the Luminosity-Metallicity relation.
1. INTRODUCTION
1.1. ALFALFA and SHIELD

In many ways the Arecibo Observatory in Puerto Rico
was perfect for populating the low end of the H I Mass
Function (HIMF) and Baryonic Tully-Fisher Relationship (BTFR). Its enormous collecting area and small
beam size allows it to have good angular and spectral
resolution. The Arecibo Legacy Fast ALFA (ALFALFA)
survey was designed with this in mind. ALFALFA was a
blind survey that mapped almost 7000 degrees2 of high
Galactic latitude sky. The survey’s goal was to populate the low mass end of the HIMF with statistical confidence for the first time, its strategy is outlined in detail
in Giovanelli et al. (2005) The survey ended in 2011 after cataloging 31500 low redshift galaxies(Haynes et al.
2018). Hundreds of these cataloged low mass galaxies
had measured H I masses <108 M .
The Survey of H I in Extremely Low-mass Dwarfs
(SHIELD) studies 82 of these low mass systems that have
an obvious stellar population. The goal of SHIELD is
threefold: to determine the baryonic mass fraction of low
mass systems, to determine the nature of star formation
in these system, and finally to determine the property
changes between mini-halos, low-mass dwarfs, and more
massive systems. This study is important to characterize and categorize low mass galaxies based on their total
dynamical mass. These low mass galaxies are important for refining models on cosmological structure formation (Cannon et al. 2011b). Additionally, their gas
rich nature implies that many of the SHIELD galaxies
are star forming. Multiple of the SHIELD systems are
among the most metal poor star forming galaxies in the
local universe. Two of the five most metal poor galaxies
known have been discovered by SHIELD, including AGC
198691.
1.2. Characteristic Kinematics and Star Formation
Most SHIELD objects do not have a well defined axis
of rotation. A study on the H I kinematics of a subsection of SHIELD objects found that eight out of the
twelve examined objects were dispersion dominated (Mc-
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Nichols et al. 2016). This discovery was made using P-V
analysis implemented similarly to Cannon et al. (2011a).
These dispersion dominated galaxies were estimated to
rotate at around 15kms-1 . However, this rotation was
corrected for using optically defined inclination (McNichols et al. 2016), not by using the H I gas. Even the
closest SHIELD galaxy is located 5 Mpc away, so optical
images from Spitzer were used to determine an approximate inclination. Unfortunaetly stellar and gaseous inclinations are often very different. They are best matched
when a strong rotation is obvious, but as noted earlier
the majority of the galaxies are dispersion dominated.
Therefore it is highly unlikely that the stellar inclination
is well matched to the gaseous inclination.
1.3. Extremely Metal Poor Galaxies

The relationship between stellar mass and metallicity is
colloquially known as the MZ relationship. This relationship is thought to be the product of star formation and
stellar evolution within a galaxy. As such it is critically
important when studying galaxy evolution as it provides
constraints for the stellar, chemical evolution of a galaxy.
The MZ relation is well populated at high mass regimes,
but much less so on the lower end. These low metallicity
objects are known as ‘extremely metal deficient’ (XMD)
galaxies and are categorized as a galaxy with measured
oxygen abundance in its interstellar medium of less than
12 + log(O/H) = 7.65 (Kunth & Östlin 2000).
AGC 198691 is classified as an extremely metal deficient (XMD) galaxy. XMD galaxies are especially significant because their low metallicity mimics that of primordial galaxies. Low metallicity systems enable the study
of star formation in a proxy primordial galaxy. They also
test Big Bang nucleosynthesis by allowing measurements
of primordial Hydrogen and Helium. XMD’s are classified as a galaxy with measured oxygen abundance in its
interstellar medium of less than 0.1 Z (Kunth & Östlin
2000). The most metal poor instances of XMDs have
nebular oxogyn abundances of 0.03Z , or 3.0% of the
solar value. Detections of these extremely low metallicity galaxies are very rare. For almost 40 years the lowest
metallicity galaxy known was I Zw 18, with an oxygen
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abundance of only 7.17 ±.04 (Searle & Sargent 1972).
Recent detections have populated the extremely low end
of the low metallicity spectrum. Galaxies with oxygen
abundances equal to or less than 12 + log(O/H) ≤ 7.35
have been clasified as ’extremely metal poor’ galaxies.

H I disk are not apparent when examined independently.
The work in this paper will focus on indirect signs of interactions between Leoncino and its neighbor UGC 5186.
Leoncino’s location in the LZ plane must be taken in
the context of LZ bias. That is to say that the LZ relationship is very dependent on very large, very luminous
stars that are present in the galaxy right now. Because
these stars are only around for a very short time Leoncino’s position on the LZ plane is subject to change and
its current position should be interpreted as a snapshot
of the current state of the galaxy.
On the other hand, the Mass-Metallicity (MZ) relationship is a much more stable relationship as it is not
dependent on large, quickly dying stars. Therefore, the
mass of Leoncino remains largely unchanged over long
periods of time so this relationship in the MZ plane is
much less time dependent. Unlike many other XMP’s
that are outliers, Leoncino agrees with both the LZ and
MZ relations quite well. This suggests a secular form of
evolution. Secular evolution is a type of galactic evolution void of any major mergers or interactions with other
galaxies. In the case for Leoncino, its pathway to becoming extremely metal poor likely resulted from inefficient
star formation and metal stripping via galactic winds.

1.4. The ‘Leoncino Dwarf ’
AGC 198691, also dubbed the Leoncino Dwarf was
originally discovered in the ALFALFA survey where its
proximity to UGC 5186, an irregular galaxy, was observed. UGC 5186 is located only 13’ to the southeast of
AGC 198691 (Hirschauer et al. 2016). If AGC 198691 is
the same distance away from us as UGC 5186, then their
separation is around 45 kpc, less than the radius of our
own Milky Way. Arecibo also detected low S/N clouds of
gas located in between the galaxies. After AGC 198691
was added to SHIELD, a H I map was obtained using the
Westerbork Synthesis Radio Telescope (WSRT). Narrowband Hα images were obtained with the WIYN 0.9m telescope and a shallow HST image was also taken. The HST
image revealed AGC 198691 to have a compact structure
with central blue stars. WSRT H I images revealed an elliptical gas structure with a density peak that overlapped
with the optically viewable stars. A slight extension of
gas was noted to the south east but its existence was uncertain because of low surface to noise (Hirschauer et al.
2016).
Initial spectroscopic images were taken using the KOSMOS spectrograph on the Mayall 4m telescope at KPNO.
This initial spectrum revealed AGC 198691 to be extremely metal poor, but uncertainties in the O III λ4363
line prompted an additional spectroscopic observation
to be taken with the MMT 6.5m Blue Channel Spectrograph. For details on data reduction and procedure
we direct the reader to Hirschauer et al. (2016). These
spectroscopic investigations were used to derive metallicity based on electron temperature, this type of measurement is known as direct oxygen abundance measurements. Direct measurements were used to determine that AGC 198691 has a nebular oxygen abundance
of 12 + log(O/H) = 7.02±.03 (Hirschauer et al. 2016).
At the time this made the Leoncino Dwarf the lowest
metallicity system by 15% although new lower metallicity galaxies were soon discovered.

HI spectral line observations of the Leoncino Dwarf
were acquired with the Karl G. Jansky Very Large Array (VLA1 ). D configuration observations were acquired
via Director’s Discretionary Time program VLA/15B388 (P.I. Cannon) in December 2015. Subsequent observations were acquired via program 16A-134 (P.I. Cannon) in February and March, 2016 (C configuration) and
in May and June, 2016 (B configuration).
The WIDAR correlator was configured with a 4.0 MHz
bandwidth divided into 1,024 channels, delivering a native spectral resolution of 0.82 km s−1 ch−1 . The phase
calibrator used was J1006+3454. Depending on the LST
range of the observation, either J1331+305 (3C 286) or
0542+498 (3C 147) was used for bandpass and flux calibration. The total on-source integration time was approximately 260 minutes in both the C and the D configurations and 562 minutes in the B configuration

1.5. The Luminosity-Metallicity and Mass-Metallicity

2.2. H I Imaging

relations
The Luminosity-Metallicity(LZ) relationship is a well
understood relationship populated mostly by larger
galaxies. The low mass end of this relationship is extremely underpopulated and even more so for XMP’s.
Figure 1 shows the LZ and MZ relationship for Leoncino
in context to other XMP’s.
These outliers from the LZ relationship share certain
attributes. These galaxies are compact with stellar disks
being on the order of 1 kpc. They also show extended
H I gas clouds, older stellar populations, and signs of
gravitational disturbance (McQuinn et al. submitted).
These properties lead to a bout of recent star formation
which leads to the extreme offest in the LZ relationship.
Hubble and VLA data confirm that Leoncino has both an
extended H I disk and a significant older stellar population. However, gravitational disturbances in Leoncino’s
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2. OBSERVATIONS AND DATA HANDLING
2.1. H I Data Products

The VLA data were calibrated using standard prescriptions in the CASA2 environment. The flux density of the
J1006+3454 phase calibrator was consistent between all
ten observing sessions at the 3% level. Continuum subtraction of the Leoncino field was performed in the uv
plane using a first-order fit to line-free channels bracketing the galaxy in the central 50% of the bandpass.
Imaging of the calibrated uv visibilties followed standard prescriptions. The calibrated and continuumsubtracted databases in each array configuration were
concatenated to create a single measurement set. These
three databases were then input into the TCLEAN task
1 The National Radio Astronomy Observatory is a facility of
the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
2 https://casa.nrao.edu
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Fig. 1.— These two images show the LZ and MZ relationships for XMP’s. XMP’s are designated below a threshold of 5% represented
as a line. In the LZ relationship all of the galaxies except for Leo P and Leoncino are significantly offset from the LZ relationship.

in CASA and imaged simultaneously. Weighting and tapering values were set in order to achieve data products
at high (800 beam with 1.500 pixels), medium (1600 beam
with 400 pixels), and low (3200 beam with 800 pixels) angular resolutions. Cleaning was run to the 0.5 σ level inside
of masks that were set to encompass all HI line emission
in the cubes. The rms noise levels in the final cubes are
0.43 mJy, 0.39 mJy, and 0.47 mJy in the 800 , the 1600 ,
and the 3200 beam images, respectively. The three dimensional datacubes were collapsed to create two dimensional moment maps. First, the cubes were smoothed
spatially to 1.5 times the beam size. These smoothed
cubes were next threshold blanked at the 1.5 σ level per
channel. The resulting cubes were then examined closely
by hand to identify HI emission that is both spectrally
and spatially coincident. The resulting blanked cubes
were then used as transfer masks against the original,
unsmoothed cubes. The resulting cubes were collapsed
to create images representing H I mass surface density
(moment one), intensity weighted velocity (moment one),
and intensity weighted velocity dispersion (moment two).
3. SIGNS OF INTERACTIONS
3.1. ALFALFA Discovery
The initial discovery that Leoncino could be interacting with its neighbor UGC 5186 comes from an image
taken by Arecibo. This image is presented as Figure
2 and has a large beam size, maximizing our ability to
see low surface brightness gas. While both galaxies are
poorly resolved, extra-galactic low surface brightness gas
was detected. Two clouds of this extra-galactic gas can
be seen in between the labeled galaxies with another
large cloud separated to the northwest. VLA observations taken in 2015 and 2016 were unable to confirm these
extra-galactic gas clouds. However, the VLA’s inability
to confirm their existence does not preclude this gas from
existing. Aricebo is much more sensitive to low surface
brightness gas than the VLA so it is possible that the gas
is too diffuse for the VLA to detect. Under optimal observing conditions the VLA can only observe to column
densities as low as NHI = 1020 cm-2 where as ARECIBO
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can probe to column densities as low as NHI = 1018 cm-2 .
3.2. Optical Imaging

Optical images of both galaxies overlaid with H I data
are presented in Figure 2. Leoncino’s density maximum
agrees well with a small population of young, bright stars.
Optical images of UGC 5186 are very poor and individual stars are not resolved. It’s stellar population is an extended bar shape that also agrees well with the H I density maximum. However, a large amount of H I gas is
offset to the northwest of the stellar population. This
large gas extent is critical for understanding the tidal
history of these two galaxies and will be discussed at
length below.
3.3. UGC 5186 Gas Extent
3.3.1. H I Mapping

Figure 3 presents a two dimensional representation of
the H I column density in units of 1020 cm-2 (top), H I intensity weighted velocity field (middle), and the H I intensity weighted velocity dispersion field (bottom) for
UGC 5186 while Figure 4 presents the same data for
Leoncino. The H I column density maps are also overlaid with contours.
Leoncino’s structure is relatively circular but higher
angular images presented in Figure 4 shed light onto its
structure. Panel g in Figure 4 shows arms of gas extending from the H I maximum to the north, southeast, and
west. This image shows that Leoncino has a small, but
undeniable, gas arm reaching in the direction of UGC
5186.
The H I morphology suggests a strong maximum near
the center of the galaxy. Its axis of rotation is inconsistent across beam sizes and shifts when going from low
to high resolution. Additionally the velocity dispersion
gradient is the same size as the velocity gradient implying that Leoncino has a complex, dispersion dominated
velocity field.
UGC 5186 is a larger galaxy than Leoncino and as such
much more of its H I morphology is visibile. Importantly
to this discussion the H I column density map shows a
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Fig. 2.— Left: Integrated ALFALFA column density map of the region containing the SHIELD galaxy Leoncino and the more massive
star-forming dwarf UGC 5186. The contours are at levels of (2.4, 4.8, 7.2) × 1018 cm−2 ; the column density was integrated between 501-537
km s−1 . There is low S/N extended HI gas in the region connecting these two sources; the 130 angular separation implies a minimum
physical separation of ∼45 kpc. Right: Inset images depict VLA HI contours at C configuration resolution (1600 as presented in Figures
3 and 4) overlaid on optical images. Top Right: HST WFC3 image of Leoncino from GO-15243 (P.I. McQuinn). Bottom Right: Optical
three-color image from the Legacy Survey of UGC 5186. The HI contours for the inset images are at levels of (1,2,4,8) × 1020 cm−2 . Figure
from McQuinn et al. (in preparation).

significant gas offset to the northwest. For the ease of
the reader segment A of Figure 3 has been enlarged and
presented in Figure 5.
The H I column densities in this image show an extent of gas to the northwest that is significantly offset
from the galactic center. This ‘arm’ of gas reaches in
the direction of Leoncino (see Figure 2 for the relative
position of Leoncino to UGC 5186). This unusual elongated structure is especially apparent when comparing
this image to its Leoncino counterpart in panel g of Figure 4. Leoncino’s H I density contours imply a small
offset of preferentially directed gas . However, the contour lines in Figure 5 show heavy directional preference
to the northeast, not just in the diffuse gas that extends
beyond the final contour but also in the denser regions.
The innermost contour shows the H I density center of
the galaxy, and every other contour level is heavily elongated. This shows a significant amount of the galaxies
H I mass is preferentially directed to the northwest; the
direction of Leoncino. This arm of gas can easily be understood as the result of tidal interactions between the
two galaxies, although the specifics remain a mystery.
It is possible that this structure was formed by the two
galaxies passing through or near each other. If that is the
case then this gaseous arm could be made up of gas from
both Leonicno and UGC 5186. Optically detected populations of blue stars in both galaxies suggest recent star
formation, however the catalyst of this star formation is
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unknown.
3.3.2. Position-Velocity Analysis

To understand the internal kinematic motion of our
two galaxies we employed spatially resolved position velocity analysis (hereafter referred as P-V slicing). The
P-V slicing methodology was developed in Cannon et al.
(2011b). P-V slicing is not effected by beam smearing
effects, it was also used extensively in McNichols et al.
(2016) to map dispersion dominated galaxies. A central
PA for the major axis (positive moving west of north)
was identified for each galaxy manually using KPVSLICE from the KARMA package. ‘Top’ and ‘Bottom’
major axis cuts were made, each parallel to the central
major slice, but offset by the beam width. Three minor
slices were also created perpendicular to the major slices
and also offset by the beam width. Slices for each galaxy
were created using the same data cubes that produced
the H I maps in Figure 3.
The locations for the major and minor slices are shown
in Figure 10. The Major slice is oriented parallel to the
perceived angle of rotation going through the H I density maximum of the galaxy. The major slices are presented in Figure 8 and the minor slices are in Figure 9.
In the central image of Figure 8 the H I density maximum is easily visible at an offset of 0. To the left of
the maximum is an enormous amount of more diffuse
gas moving at speeds between 500 and 535 kilometers a
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Fig. 3.— Moment maps of UGC 5186 at low (top row), medium (middle row), and high (bottom row) angular resolutions. Panels
(a), (d), and (g) show the moment zero images in units of HI mass surface density (1020 cm−2 ); the beam sizes are shown in red.
Panels (b), (e), and (h) show the intensity weighted velocity in units of km s−1 . Panels (c), (f), and (i) show the intensity weighted
velocity dispersion in units of km s−1 . Contours are overlaid on each panel as follows: NHI = (0.75,1.5,3,6) ×1020 cm−2 in panel (a); v =
(530,535,540,545,550,555,560) km s−1 in panel (b); v = (10,12.5,15) km s−1 in panel (c); NHI = (0.875,1.75,3.5,7,14) ×1020 cm−2 in panel
(d); v = (525,530,535,540,545,550,555,560,565) km s−1 in panel (e); v = (10,12.5,15) km s−1 in panel (f); NHI = (1.5,3,6,12,24) ×1020 cm−2
in panel (g); v = (540,550,560) km s−1 in panel (h); v = (10,12.5,15) km s−1 in panel (i).
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second. This slower moving gas has an incredible angle
offset of at least one and a half arc minutes, maybe even
as much as two. This angular offset is negative so it corresponds to a northwesterly extent. Despite a large arm
of gas extending to the northwest, very little if any gas
appears to be offset southeast (positive) of the H I maximum. This preferential offset of gas to the northwest is
very unusual and unlikely to have occurred without gravitational manipulation from an outside force. This large
offset of slower moving gas further confirms the existence
of a large gaseous arm extending from the H I maximum
of UGC 5186 in the direction of Leoncino. Additionally,
it is worth taking a close look at the top image in Figure 8. This represents the northernmost major slice and
can be seen in the left panel of Figure 10 as the topmost green line. This northern slice cuts through the gas
closest to Leoncino and also shows strong evidence of a
gaseous arm. However this gas is definitively offset by
two arc minutes from the maximum. The bottom image
in Figure 10 displays the southernmost slice and shows
no indication of any significant gaseous offset. In conclusion the amount of offset gas in a slice correlates to its
relative position to Leoncino. The northern most slice
cuts through gas closest to Leoncino shows the strongest
gas offset, the central slice also shows a strong offest,
but the southernmost slice has no offset. Tidal interactions with Leoncino could explain why the slices closest
to Leoncino displayed the most gas offset.

3.4. Relative Velocities of Leoncino and UGC 5186

Perhaps the most significant indicator of gravitational
interactions between Leoncino and UGC 5186 comes
from an analysis of their radial velocities. Analysis of
the H I intensity weighted velocity fields in Figure 3 indicates that these galaxies are receding at nearly identical
speeds. The chances of this being a coincidence are incredibly small as Leoncino and UGC 5186 are a system
in a void environment. That is to say they do not belong
to a group of galaxies and is in an under dense region of
the Leo Spur. The small relative velocities between the
two galaxies strongly suggests that they are interacting
as there are no other nearby gravitational bodies that
could cause their recession velocities to be near identical. To further investigate this theory a large P-V slice
was created. This slice uses the same theory as those
outlined in Section 3.3.2 except for some modifications
in execution. This slice is much larger than any of the
other slices presented and does not corespond to a major
or minor axis. Instead this very long slice runs through
the H I column density maximums of both galaxies as
shown in Figure 6. This slice is presented in Figure 7.
This image clearly shows that there is significant velocity
overlap between the two galaxies. Additionally the extent of below the H I maximum in UGC 5186 is the arm
of gas identified in Section 3.3. This extent of gas rotates
at between 510-530 kms-1 , the same as much of Leoncinos rotation. The fact that this gas extent in UGC 5186
is not only preferentially directed towards Leoncino, but
also receding at the same velocity further suggests that
these galaxies interact.
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4. CONCLUSION

Both data from ALFALFA and the VLA suggest that
Leoncino and its neighbor UGC 5186 are interacting.
ALFALFA’s discovery of intergalactic H I gas combined
with VLA imaging help to paint a better picture of how
these two galaxies interact. Although the VLA was unable to confirm the existence of intragalactic gas detected
by Aricebo, that gas could very well still be there. The
finer angular resolution of the VLA allowed for the discovery of a large gaseous arm reaching from UGC 5186
to Leoncino. This arm can be explained as the result of
past tidal interactions between the two galaxies. It is still
unclear to what, if any, extent UGC 5186 plays in Leoncinos ultra low metallicity. That being said it seems likely
that UGC 5186 played a significant roll in the recent evolution of Leoncino and more studies of both galaxies will
lead to a better understanding of their unique situation.
In particular Hubble images of UGC 5186 are needed to
find an optically defined distance to constrain the physical separation between the two galaxies
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Fig. 4.— Moment maps of Leoncino at low (top row), medium (middle row), and high (bottom row) angular resolutions. Panels (a), (d),
and (g) show the moment zero images in units of HI mass surface density (1020 cm−2 ); the beam sizes are shown in red. Panels (b), (e),
and (h) show the intensity weighted velocity in units of km s−1 . Panels (c), (f), and (i) show the intensity weighted velocity dispersion in
units of km s−1 . Contours are overlaid on each panel as follows: NHI = (0.25,0.5,1,2) ×1020 cm−2 in panel (a); v = (513,515,517,519,521)
km s−1 in panel (b); v = (8,9,10) km s−1 in panel (c); NHI = (0.5,1,2,4) ×1020 cm−2 in panel (d); v = (509,512,515,518,521) km s−1 in
panel (e); v = (7.5,10,12.5) km s−1 in panel (f); NHI = (2.5,5,7.5,10) ×1020 cm−2 in panel (g); v = (505,509,513,517,521) km s−1 in panel
(h); v = (7,9,11) km s−1 in panel (i).
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Fig. 5.— This figure is the top left most image in Figure 3
and information on its contour levels are presented there. The
highest density gas falls within the innermost white contour and
the rest of the gas is preferentially distributed in a northwestern
direction.

Fig. 6.— This figure show the location of the ‘Big Slice’ presented
in Figure 7
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Fig. 7.— This figure presents a large P-V slice running through the H I density maximums on of both galaxies. Leoncino is on the right
and UGC 5186 is on the left. The lower density, lower velocity gas seen below the maximum in UGC 5186 is most definetly its ”arm” of
gas.
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Fig. 8.— Position-Velocity slices for the major axis outlined on the left side of Figure 10. The angular offset is negative (northwest) to
positive (southeast). TOP: The ”Top” major slice corresponds to the northernmost slice. MIDDLE: The ”Center” major slice corresponds
to the center slice and passes through the H I density maximum. The other two major slice locations are based off of this one. BOTTOM:
The ”Bottom” major slice corresponds to the southernmost slice.
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Bartz: Leoncino and UGC 5186
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Fig. 9.— Position-Velocity slices for the minor axis outlined on the right side of Figure 10. The angular offset is negative (northwest) to
positive (southeast). TOP: The ”Right” minor slice corresponds to the northernmost slice. MIDDLE: The ”Center” minor slice corresponds
to the center slice, and is centered at the same location as the central major slice but rotated to be perpendicular. The other two minor
slice locations are based off of this one. BOTTOM: The ”Left” major slice corresponds to the southernmost slice.
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Fig. 10.— This image displays the location of the major and minor cuts for UGC 5186. LEFT: The major slice locations at a PA of
139.0deg on top of an H I weighted velocity field image. RIGHT: Minor slice locations at a PA of 49.0deg overlain on the H I weighted
velocity field image image.
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